The crystal structures of three cyclopenta [c] furans with various substituents at the 4-, 5-and 6-positions of the ring system are reported, namely, (AE)-(3aR,4S,5S,6aS)-4-methyl-5-phenylhexahydro-1H-cyclopenta[c]furan-4,5-diol, C 14 H 18 O 3 , (I), (AE)-(3aR,4S,5S,6aS)-4-benzyloxy-4-methyl-5-phenylhexahydro-1H-cyclopenta[c]furan-5-ol, C 21 H 24 O 3 , (II), and (AE)-(1aR,1bS,4aR,-5S,5aR)-5-benzyloxy-5-methyl-5a-phenylhexahydro-2H-oxireno[2 0 ,3 0 :3,4]cyclopenta[1,2-c]furan, C 21 H 22 O 3 , (III). The dominant interaction in (I) and (II) is an O-HÁ Á ÁO hydrogen bond across the bicyclic 5,5-ring system between the nonfunctionalized hydroxy group and the tetrahydrofuran O atom, which appears to influence the envelope conformations of the fused five-membered rings, whereas in (III), the rings have different conformations. A weak intramolecular C-HÁ Á ÁO interaction appears to influence the degree of tilt of the phenyl ring attached to the 5-position and is different in (I) compared to (II) and (III).
Chemical context
Neosurugatoxin, C 30 H 34 BrN 5 O 15 , is the causative agent behind the toxicity of the Japanese ivory shell, Babylonia Japonica, a shellfish widely consumed in Japan. Neosurugatoxin, shown in Scheme 1 below, was first isolated and the structure delineated using X-ray crystallographic studies by Kosuge and co-workers (Kosuge et al., 1981 (Kosuge et al., , 1982 .
Biological studies with Neosurugatoxin have shown it to have a wide range of actions on the central nervous system including: potent nicotinic acetylcholine receptor antagonist (Yamada et al., 1988; Bai & Sattelle, 1993; Tornøe et al., 1995) ; inhibition of acetylcholine release and blockage of muscle and neuronal nicotinic receptors (Hong et al., 1992) ; and a central ISSN 2056-9890 action upon nicotinic cholinoreceptors (Bisset et al., 1992) . Alternative total syntheses of Neosurugatoxin have previously been reported by the Inoue and Okada groups (Inoue et al., 1986 (Inoue et al., , 1994 Okada et al., 1989) . Intrigued by the dense functionality and complexity of ring C in Neosurugatoxin (see Scheme 1), we investigated a synthetic route to novel simplified cyclopentanes with diversity vectors to install the required functionality at a later stage.
As part of these studies, we now report the crystal structures of three of these compounds, namely ( 
Structural commentary
Compound (I) crystallizes in the centrosymmetric space group Pbca and its molecular structure is illustrated in Fig. 1 . In the arbitrarily chosen asymmetric molecule, the configurations of the stereogenic atoms C1, C2, C6 and C7 are S, R, R, and R, respectively. As expected, the junction of the fused rings is cis (H1-C1-C2-H2 = 5
). The C1/C2/C3/O1/C4 ring has an envelope conformation, with O1 displaced from the mean plane of the carbon atoms (r.m.s. deviation = 0.018 Å ) by 0.566 (5) Å . The C1/C2/C5/C6/C7 ring also has an envelope conformation, with C6 displaced from the other atoms (r.m.s. deviation = 0.026 Å ) by 0.573 (6) Å . The dihedral angle between the almost planar parts of the rings is 58.3 (2) : the overall shape could be described as a butterfly, with the flap atoms (O1 and C6) pointing inwards. Atoms O2 and O3 lie to the same face of the ring although there is a significant twist between them [O2-C6-C7-O3 = 46.5 (4) ]. The O2-C6-C7-C8 torsion angle is 164.9 (3) and the C8-C7-C6-C9 torsion angle is 47.6 (4) . The dihedral angle between the pendant benzene ring (C9-C14) and C1/C2/C5/C7 is 64. 00 (17) . The molecular structure of (I) features two intramolecular O-HÁ Á ÁO hydrogen bonds (Table 1) . The O3-H3oÁ Á ÁO2 bond closes an S(5) ring. The O2-H2oÁ Á ÁO1 bond, which bridges across the top of the fused-ring system to Figure 1 The molecular structure of (I), showing 50% probability displacement ellipsoids. Intramolecular O-HÁ Á ÁO and C-HÁ Á ÁO interactions are shown as black and pink double-dashed lines, respectively. Table 1 Hydrogen-bond geometry (Å , ) for (I). 
Figure 2
The molecular structure of (II), showing 50% probability displacement ellipsoids. Intramolecular O-HÁ Á ÁO and C-HÁ Á ÁO interactions are shown as black and pink double-dashed lines, respectively.
generate an S(7) ring, may influence the conformations of the five-membered rings. An intramolecular C10-H10Á Á ÁO2 short contact (HÁ Á ÁO = 2.33 Å ) is also present: although the C-HÁ Á ÁO angle of 100 is extremely small to be regarded as a bond (Steiner, 1996) it is interesting to compare this C-H grouping to the situation in (II) and (III) (vide infra).
The asymmetric unit of (II), which crystallizes in the centrosymmetric space group P2 1 /c, contains one molecule ( Fig. 2 ): for ease of comparison with (I), the stereogenic centres in this molecule have configurations of S, R, R, and R, for C1, C2, C7 and C8, respectively. As with (I), the C1/C2/C3/ O1/C4 ring has an envelope conformation, with O1 as the flap, displaced by 0.571 (2) Å from the other atoms. The conformation of the C1/C2/C5/C6/C7 ring in (II) is also an envelope, with C6 as the flap [displacement = 0.618 (2) Å ]. The dihedral angle between C1/C2/C3/C4 (r.m.s. deviation = 0.004 Å ) and C1/C2/C5/C7 (r.m.s. deviation = 0.016 Å ) of 58.28 (7) is identical to the equivalent value for (I) and the flap atoms (O1 and C6) also point inwards. Key torsion angles in (II) include O2-C6-C7-O3 [42.19 (17) ], O2-C6-C7-C8 [164. 41 (13) ] and C8-C7-C6-C9 [46.42 (17) ]: these data are similar to the corresponding values for (I). However, the dihedral angle between the C9-C14 benzene ring and C1/C2/ C5/C7 in (II) is 34.90 (9) , which differs by some 30 compared to the equivalent value for (I). The dihedral angle between the aromatic rings (C9-C14 and C16-C21) is 89.74 (5)
. As with (I), the hydroxy (O2-H2o) grouping forms an intramolecular hydrogen bond (Table 2) to O1 across the fused-ring system and an S(7) ring results. The C10-H10 grouping in (II) points towards O3 rather than O2 (HÁ Á ÁO = 2.56 Å ), which appears to correlate with the different orientation of the C9-C14 ring.
Compound (III) crystallizes in the chiral space group P2 1 2 1 2 1 . The absolute structure was indeterminate in the present experiment and C1, C2, C5, C6 and C7 in the asymmetric molecule were assigned configurations of S, R, S, S and R, respectively (Fig. 3) . Based on the synthesis, we assume the bulk sample to be racemic. The conformation of the C1/C2/C3/ O1/C4 ring is different to the equivalent unit in (I) and (II): in (III), this ring is twisted about the C2-C3 bond [Q(2) = 0.307 (10) Å , '(2) = 232. 5 (18) ] such that C2 and C3 are displaced from the O1/C4/C1 plane by À0.22 (2) and 0.29 (2) Å , respectively. The C1/C2/C5/C6/C7 conformation in (III) is an envelope, but the flap atom is different to that in (I) and (II): in this case C1 (rather than C6) is displaced by 0.487 (14) Å from the other atoms (r.m.s. deviation = 0.011 Å ). The dihedral angle between the five-membered rings (all atoms) of 69.6 (5) in (III) is significantly larger than the corresponding angle for (I) and (II). The epoxide ring (C5/C6/ O2) subtends a dihedral angle of 74.0 (4) with respect to C2/ C5/C6/C7. Important torsion angles in (III) include O2-C6-C7-O3 [76.3 (8) ], O2-C6-C7-C8 [-161.3 (6) ] and C8-C7-C6-C9 [55.4 (9) ]: these data are very different from the corresponding values for (I) and (II), which must in part be due to the steric inflexibility of the epoxide ring containing O2. The dihedral angle between the C9-C14 benzene ring and C2/ C5/C6/C7 in (II) is 49.3 (4) , which is intermediate between the corresponding values for (I) and (II). The dihedral angle between the C9-C14 and C16a-C21a benzene rings is 41.0 (7)
. There are obviously no classical intramolecular hydrogen bonds in (III), but, as in (II), a C10-H10Á Á ÁO3 link (Table 3 ) is seen.
Supramolecular features
In the crystal of (I), the molecules are linked into Table 2 Hydrogen-bond geometry (Å , ) for (II).
Cg4 is the centroid of the C16-C21 ring. (ii) Àx þ 1; Ày þ 1; Àz þ 2; (iii) Àx; Ày þ 1; Àz þ 2.
Figure 3
The molecular structure of (III), showing 50% probability displacement ellipsoids. Only one orientation of the disordered C16-C21 benzene ring is shown. The intramolecular C-HÁ Á ÁO interaction is shown as a pink double-dashed line.
Table 3
Hydrogen-bond geometry (Å , ) for (III).
Cg6 is the centroid of the C16a-C21a ring. hydrogen bonds (Table 1 , Fig. 4 ): the same OH group also participates in an intramolecular bond, as described above. Adjacent molecules are enantiomers, being related by b-glide symmetry and the chain has a C(6) motif. Long and presumably very weak intermolecular C-HÁ Á ÁO and C-HÁ Á Á interactions (Tables 2 and 3 ) are observed in the crystals of (II) and (III). Assuming these interactions to be significant, (100) sheets in (II) and [100] chains in (III) arise (Fig. 5) . It is notable that the epoxide O atom accepts both C-HÁ Á ÁO interactions in the latter. Aromatic -stacking is absent in these structures, the shortest centroid-centroid separations being ca 4.97 in (I), 5.03 in (II) and 5.24 Å in (III).
Database survey
A search of the Cambridge Structural Database (Groom & Allen, 2014) for compounds with a cyclopenta[c]furan skeleton revealed 321 matches; of these, just two had O atoms bonded to the 4-and 5-positions of the fused-ring system, viz.: VALFIX (Dumdei et al., 1989) and YEYBEB (Wang et al., 2012) , but otherwise, neither bears a close resemblance to the compounds described here.
Synthesis and crystallization
Full synthesis details will be reported in due course, but a summary of the steps followed to prepare (I), (II) and (III) are detailed as follows. A Pauson-Khand [2 + 2 + 1] cycloaddition (Pauson, 1985) was used to prepare the key starting material: a mixture of phenylacetylene, 2,5-dihydrofuran and dicobalt octacarbonyl in toluene under an inert atmosphere was heated to reflux for 1 h to afford (AE)-(3aR,6aS)-5-phenyl-1,3,3a,6a-tetrahydro-4H-cyclopenta[c]furan-4-one, A: after purification by silica gel chromatography, spectroscopic data were in accordance with those previously reported by Brown et al. (2005) . Treatment of A with methyl magnesium iodide in anhydrous tetrahydrofuran using the procedure of Coote et al. (2008) 
, with facial selectivity directed by the hydroxy group (Langston et al., 2007) . Treatment of C with lithium aluminium hydride in anhydrous tetrahydrofuran (Howe et al., 1987) afforded the epoxide opened product, ( 
Refinement
Crystal data, data collection and structure refinement details for (I)-(III) are summarized in Table 4 . The O-bound H atoms were located in difference maps and their positions freely refined. The C-bound H atoms were geometrically placed (C-H = 0.95-1.00 Å ) and refined as riding atoms. The constraint U iso (H) = 1.2U eq (carrier) or 1.5U eq (methyl carrier) was applied in all cases. The methyl H atoms were allowed to rotate, but not to tip, to best fit the electron density. The C16- Table 3 . All H atoms except those involved in the C-HÁ Á ÁO bonds have been omitted for clarity.
C21 benzene ring in (III) was modelled as being disordered over two overlapped orientations in a 0.54 (3):0.46 (3) ratio; the rings were constrained to be regular hexagons (C-C = 1.39 Å ). The crystal quality for (I) and (III) was poor, which may correlate with the rather high R-factors obtained, although the structures are clearly resolved with acceptable geometrical precision. The absolute structure of compound (III) was indeterminate in the present experiment.
Acta Cryst. (2016). E72, 44-48 research communications Table 4 Experimental details. Computer programs: COLLECT (Nonius, 1998) , DENZO and SCALEPACK (Otwinowski & Minor, 1997) , and SORTAV (Blessing, 1995) , SHELXS97 and SHELXL97 (Sheldrick, 2008) and ORTEP-3 for Windows (Farrugia, 2012) . For all compounds, data collection: COLLECT (Nonius, 1998 ); cell refinement: SCALEPACK (Otwinowski & Minor, 1997) ; data reduction: DENZO and SCALEPACK (Otwinowski & Minor, 1997) , and SORTAV (Blessing, 1995);  program(s) used to solve structure: SHELXS97 (Sheldrick, 2008 ); program(s) used to refine structure: SHELXL97 (Sheldrick, 2008) ; molecular graphics: ORTEP-3 for Windows (Farrugia, 2012) ; software used to prepare material for publication: SHELXL97 (Sheldrick, 2008) .
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(I) (±)-(3aR,4S,5S,6aS)-4-Methyl-5-phenylhexahydro-1H-cyclopenta[c]furan-4,5-diol
Crystal data Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2sigma(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. C4-C1-C2-C3 3.5 (4) O2-C6-C7-C8 164.9 (3) C7-C1-C2- 
(II) (±)-(3aR,4S,5S,6aS)-4-Benzyloxy-4-methyl-5-phenylhexahydro-1H-cyclopenta[c]furan-5-ol
Crystal data Extinction coefficient: 0.015 (2)
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2sigma (F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. (7) 0.0020 (7) −0.0027 (7) C2 0.0291 (9) 0.0303 (10) 0.0269 (8) 0.0007 (7) 0.0043 (7) 0.0043 (7 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
